Mainstream cigarette smoke (CS) trapped in phosphatebuffered saline solutions (smoke-bubbled PBS) has been shown to induce a strong stress response in cultured cells. This is reflected, for example, by the expression of stress genes such as c-fos and haem oxygenase, a transient decrease in the translation efficiency and the induction of cell cycle arrest. In these studies, peroxynitrite, the reaction product of nitric oxide (NO) and superoxide (O 2 -•), was identified as an active principle formed by CS in aqueous solutions. In the present study, we show that the CS-induced stress response is critically dependent on the intracellular glutathione (GSH) content which itself becomes diminished in cells exposed to smoke-bubbled PBS. Investigations using c-fos expression as a measure for cellular stress revealed a direct correlation between the smoke-bubbled PBS concentration necessary for stress-dependent c-fos expression and the intracellular GSH concentration observed in different cell lines. Correspondingly, 3T3 fibroblasts artificially depleted of GSH by pretreatment with buthionine-sulphoximine (BSO), an inhibitor of GSH synthesis, require significantly lower amounts of smoke-bubbled PBS to obtain a detectable c-fos expression, whereas, supplementation of the medium with N-acetyl-cysteine is an efficient treatment for the inhibition of a CS-induced c-fos response. We also show that the smoke-bubbled PBS-dependent loss of intracellular GSH is mainly attributable to the aldehyde fraction of CS, although these aldehydes by themselves cannot induce c-fos in these cells. The smoke-bubbled PBSdependent c-fos response can, however, be mimicked when peroxynitrite and CS-related aldehydes, at the concentrations calculated to appear in smoke-bubbled PBS, are used in combination for cell exposure. Taken together, these results suggest that in cells exposed to aqueous extracts of CS, smoke-related aldehydes decrease the intracellular GSH content significantly, allowing peroxynitrite to interfere with specific target molecules resulting in the stressspecific expression of c-fos.
Introduction
The sulphhydryl group containing tripeptide glutathione (GSH*) constitutes a first defence intracellular antioxidant [reviewed by Meister (1) and Frei et al. (2) ]. It is known that GSH protects cells against endogenous and exogenous oxidative stress resulting from processes such as aerobic metabolism or γ-irradiation. It does this by reacting with reactive oxygen species such as hydrogen peroxide and organic peroxides, leading to a de-activation of these compounds and oxidized glutathione [glutathione disulphide (GSSG)]. Accordingly, when cellular GSH is depleted, cells become extremely prone to oxidative damage. The role of GSH in maintaining cellular redox homeostasis is, moreover, crucial as it keeps other antioxidants such as α-tocopherol or β-carotene in their reduced forms [reviewed by Meister (1) ].
Previous studies from our laboratory have demonstrated that cigarette smoke (CS) trapped in phosphate-buffered saline (smoke-bubbled PBS) induces strong stress responses in cultured cells, as reflected by the expression of the stress-related genes haem oxygenase and c-fos; a transient decrease in the translation efficiency; and the induction of cell cycle arrest (3, 4) . Notably, in contrast to growth-stimulated c-fos expression, which peaks transiently within minutes, the stressspecific expression of this gene through smoke-bubbled PBS is characterized by a gradual increase of c-fos mRNA, which is detectable for several hours (4) . Further studies provided strong evidence that the CS-dependent increase in c-fos mRNA is primarily attributable to the formation of peroxynitrite (ONOO -) in aqueous extracts of CS (5) . Peroxynitrite is the reaction product of nitric oxide (NO) and superoxide (O 2 -•), both of which are released by CS (6) . Other CS-induced lesions that can potentially evoke or favour cellular stress responses are the appearance of DNA strand breaks due to the metal ion-catalysed formation of hydroxyl radicals (3, 7, 8) , the partial inhibition of the cell cycle regulatory protein phosphatases 1 and 2A (4), the oxidation of functional sulphhydryl groups (9-13) and the partial depletion of total intracellular GSH (GSH plus GSSG), which has been detected in vitro (3) and in vivo (14) .
In the present publication, we demonstrate that the CSinduced stress response in vitro is critically dependent on the intracellular GSH concentration. Using c-fos expression as a measure for cellular stress (4, 5, 15) , we observed a correlation between the GSH concentration and the smoke-bubbled PBS concentration required to induce c-fos expression. Although hydroxyl radicals as well as peroxynitrite, which are both formed in aqueous extracts of CS (3, 5, 7, 8) , are known to oxidize thiols (13, 16) , the depletion of intracellular GSH was not significantly attributable to either compound. Evidence is now provided that CS-related aldehydes, such as formaldehyde, acetaldehyde and acrolein, are mainly responsible for the CSdependent loss of total intracellular GSH in vitro. It is demonstrated that, although not able by themselves to trigger a c-fos response in 3T3 cells, these aldehydes together with peroxynitrite-all at concentrations supposed to appear in smoke-bubbled PBS-induce c-fos expression similar to that seen with smoke-bubbled PBS.
Materials and methods

Materials
All chemicals, radiochemicals and enzymes were obtained at the highest purity available from Sigma Chemical Co. (Deisenhofen, Germany), Amersham (Braunschweig, Germany) and Boehringer Mannheim (Mannheim, Germany), respectively. Aldehydes, i.e. formaldehyde, acetaldehyde and acrolein [all purchased from Merck (Darmstadt, Germany)], were mixed in methanol at the following concentrations: formaldehyde, 0.318 mg/ml; acetaldehyde, 4.213 mg/ml; acrolein, 0.311 mg/ml. Aliquots were then dissolved in PBS solution (1:18) to obtain aldehyde concentrations corresponding to those that would be delivered in the smoke of 30 puffs of the University of Kentucky standard reference cigarette 2R1 when bubbled through 18 ml PBS (i.e.
6.6 mM total aldehyde concentration). Peroxynitrite (kindly provided by G.Schepers) was synthesized as described (5) . Preparation of smoke-bubbled PBS, dilution and subsequent cell exposure were performed as described (3, 4) .
Cell culture and treatment
Swiss albino 3T3 mouse fibroblast cells (ATCC CCL 92), HeLa cells (ATCC CCL 2) and the rat lung cell line RFL-6 (ATCC CCL 192) were cultured in 15-cm tissue culture dishes (Greiner, Solingen), all in 20 ml of Dulbecco's modified Eagle medium (DMEM) (GIBCO-BRL, Eggenstein, Germany) supplemented with 4% sodium hydrogen carbonate, L-glutamine, streptomycin, penicillin and 10 or 15% foetal calf serum (FCS; GIBCO-BRL, Eggenstein). For the c-fos expression studies, near-confluent monolayers of starved cells (0.5% FCS, 48 h) were washed with serum-free DMEM and immediately afterwards exposed to smoke-bubbled PBS in serum-free medium for the indicated times and concentrations. In order to evaluate the effects of GSH depletion or elevation on the CS-induced c-fos expression, L-buthionine-S-Rsulphoximine (BSO) (1 mM) or N-acetyl-cysteine at the indicated concentrations were added to the cell culture medium 20 h prior to exposure to smoke-bubbled PBS. In order to remove excess N-acetyl-cysteine from the medium, the cells were then washed immediately before exposure.
The effects of catalase (60 U/ml) and o-phenanthroline (100 µM) on the intracellular GSH concentration of smoke-bubbled PBS-treated cells were investigated by adding the compounds to the cell culture medium 15 min prior to exposure.
The effects of CS-related aldehydes on the intracellular GSH content were determined in cells exposed in serum-free medium for 2 h to a mix of formaldehyde, acetaldehyde and acrolein at the equivalent smoke-bubbled PBS concentrations.
In order to elucidate the combinatorial effect of the aldehyde mix and peroxynitrite, starved cells were pretreated in serum-free medium at the calculated aldehyde doses contained in 0.045 puffs/ml smoke-bubbled PBS (i.e.~180 µM total aldehyde concentration) for 30 min and subsequently exposed to 20 or 50 µM peroxynitrite for an additional 2 h. Controls were run in the presence of aldehydes or peroxynitrite (50 µM) alone.
Following exposure, cells were washed with serum-free DMEM and subsequently prepared for RNA harvest or GSH determination.
c-fos Expression analysis
Total RNA was isolated by standard methods (17) using a commercially available RNA isolation kit (Wak-Chemie, Bad Homburg, Germany). Fifteen micrograms of RNA per sample were analysed by routine methods as described (4) using a 32 P-labelled (18) 1 kB Pst I /Pvu II fragment of FBJ Osteosarcoma Virus (Dianova, Hamburg, Germany) as hybridization probe. Determination of 28S rRNA or rehybridisation of filters with a 32 P-labelled fragment of the murine glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene were performed in order to monitor equal RNA loading.
Determination of total cellular GSH
Determination of GSH in smoke-bubbled PBS and aldehyde-treated cells (2 h) was performed as described (19) by quantifying the formation of thionitrobenzoic acid from free GSH and GSSG in the presence of 5,5-dithiobis-2-nitrobenzoic acid and GSSG reductase. The protein concentration was determined according to a modified Lowry procedure (20) .
Results and discussion
The water-soluble fraction of CS contains a plethora of oxidants that induce stress responses in cells exposed in vitro. Specific stress signal transduction pathways are triggered, most probably to counteract oxidative lesions. For example, hydrogen peroxide, known to appear in aqueous extracts of cigarette smoke, is mainly associated with CS-dependent genotoxicity in cellular systems in vitro (3, 7, 8) and has been shown to activate the stress-activated protein kinase/Jun N-terminal kinase (SAPK/ JNK) signal transduction pathway (21) . In addition, in vitro work from our laboratory (4, 5) has demonstrated that aqueous extracts of CS induce expression of the c-fos gene, which represents a major target of signal transduction pathways (15, 22) . In the present work, data are presented showing that this stress response is critically dependent on the intracellular GSH concentration, which, when significantly lowered by CSrelated aldehydes, allows peroxynitrite to interfere with specific target molecules resulting in the stress-specific expression of c-fos.
The smoke-bubbled PBS concentration required for stressinduced c-fos expression in different cell lines correlates with the intracellular GSH content.
To determine if there is a link between CS-induced c-fos expression (4, 5) and the intracellular GSH concentration, we first studied the effects of smoke-bubbled PBS on the expression of this gene in three cell lines which differ in their GSH content. Data in Table I show that the total GSH concentrations (GSH plus GSSG) in HeLa cells, as often described for tumour cells (1), were found to be, statistically, significantly higher than those of Swiss 3T3 and rat lung (RFL-6) fibroblasts. Exposure of starved cells from these three cell lines showed that the fibroblasts, in comparison to HeLa cells, require less than half of the smoke-bubbled PBS concentration to elicit a detectable c-fos response (Figure 1 ). The decrease in the c-fos signal was observed at higher smoke-bubbled PBS concentrations, which parallels increasing cytotoxic effects and may result from increasing nucleic acid damage (4). Hence, these results suggest that the CS-dependent, stress-specific expression of the c-fos gene correlates with the intracellular GSH concentration in these cell lines.
3T3 fibroblasts depleted of GSH are sensitized, and fibroblasts supplemented with N-acetyl-cysteine become resistant to stressinduced c-fos expression
Since cell type-specific effects other than those related to the intracellular GSH content cannot be excluded in the stressdependent induction of the c-fos gene, we investigated next the inducibility of this gene by smoke-bubbled PBS in 3T3 fibroblasts altered to contain either decreased or increased GSH concentrations. Twenty hours prior to exposure, the cells were either pretreated with BSO to deplete intracellular GSH (23) or N-acetyl-cysteine to increase intracellular levels of GSH (24) .
In comparison to normal starved fibroblasts, CS-induced cfos expression was enhanced in cells partially depleted of GSH from pretreatment with BSO. As shown in Figure 2 , a concentration of 0.02 puffs/ml versus more than 0.03 puffs/ ml in cells not treated with BSO was sufficient to elicit a detectable c-fos signal in cells having GSH concentrations of 40% lower than controls. In contrast, cells supplemented with increasing concentrations of N-acetyl-cysteine, but not Determination of GSH in BSO-treated and control cells was performed as described under Table I , RNA analysis as specified in 'Materials and methods'. p/ml, Puffs/ml; sbPBS, smoke-bubbled PBS; SD, standard deviation.
N-acetyl-alanine (data not shown), became resistant to c-fos induction at 0.045 puffs/ml at N-acetyl-cysteine concentrations exceeding 100 µM (Figure 3 ). Although GSH depletion by itself is not sufficient to trigger a stress-specific c-fos response Fig. 3 . Inhibition of c-fos expression by N-acetyl-cysteine in 3T3 cells exposed to smoke-bubbled PBS. Cells were pretreated (20 h) with the indicated concentrations of N-acetyl-cysteine, washed with serum-free DMEM, and subsequently exposed to 0.045 puffs/ml (2 h). RNA analysis was performed as described in 'Materials and methods'; p/ml, Puffs/ml; sbPBS, smoke-bubbled PBS.
[ (25); Figures 2 and 5 (see below)], these results, together with the aforementioned results, illustrate that the CS-dependent induction of the c-fos gene is critically dependent on the intracellular GSH content and strongly suggest that lowering GSH concentrations facilitates the activation of redox-sensitive component(s) involved in one of the signalling pathways leading to the expression of c-fos in cells exposed to aqueous extracts of CS. Interestingly, recent investigations on stressinduced epidermal growth-factor receptor-activation have led to the conclusion that essential SH-group(s) carried by a membrane-bound protein tyrosine phosphatase could be a target for several adverse agents (26) .
Depletion of intracellular GSH in smoke-bubbled PBS-treated cells can be attributed to the aldehyde fraction of CS
Since the water-soluble fraction of CS itself harbours a strong thiol reactivity resulting in a depleted pool of GSH/GSSG [ Figure 4 ; (3,5)], which can be compensated for by the exogenous addition of GSH or cysteine (27) , part of the current investigations focused on the identification of the main sulphhydryl-reactive components present in smoke-bubbled PBS. As suggested by Leanderson and Tagesson (13) , hydroxyl radicals formed by a Fenton-type reaction (28) may be involved in the CS-dependent decrease of intracellular GSH. However, as shown by the results presented in Table II , catalase or the membrane-permeable iron cation-scavenger o-phenanthroline (29) only marginally reduced the smoke-bubbled PBS-dependent loss of total intracellular GSH/GSSG, although both were used at concentrations known to significantly inhibit DNA strand breaks resulting from exposure to smoke-bubbled PBS (3). Moreover, our results are in accordance with previously published data showing that hydrogen peroxide or a xanthine/ xanthine oxidase system did not lower the intracellular GSH concentration in rat pleural mesothelial cells (25) . Thus, there is no evidence that hydroxyl radicals are the main source of GSH/GSSG depletion induced by aqueous extracts of CS.
Other potential sulphhydryl-oxidizing candidates present in aqueous extracts of CS are diverse aldehydes, such as formaldehyde, acetaldehyde and acrolein (30, 31) . Exposure of 3T3 fibroblasts to these three aldehydes, mixed at the Fig. 4 . Effects of smoke-bubbled PBS or CS-related aldehydes on the relative amount of total intracellular GSH. 3T3 fibroblasts were exposed for 2 h to the indicated doses of smoke-bubbled PBS (s) or aldehydes (d); stock solutions of aldehydes, i.e. formaldehyde, acetaldehyde and acrolein, dissolved in methanol were diluted in PBS to yield the concentrations determined for the smoke of the test cigarette 2R1 as described in 'Materials and methods'; GSH determination was performed as described in Table I . Prior to exposure to smoke-bubbled PBS (2 h), cells were pretreated (15 min) with either catalase or o-phenanthroline. GSH determination was performed as described in Table I . M, mean; SD, standard deviation; p/ml, puffs/ml; sbPBS, smoke-bubbled PBS.
concentrations determined in the smoke of the test cigarette used in these investigations, showed a concentration-dependent decrease in the amount of total intracellular GSH analogous to the concentration-dependent loss of GSH observed following exposure to smoke-bubbled PBS (Figure 4) . These results strongly suggest that CS-related aldehydes are the main source of GSH/GSSG depletion in exposed cultured cells, but are not responsible for the c-fos response observed with smokebubbled PBS in these cells, since no c-fos expression was detectable in cells exposed for 2 h to the highest aldehyde mix concentration used in these experiments (see below, Figure 5 ). 5 . Effects of CS-related aldehydes and peroxynitrite on c-fos expression in serum-starved 3T3 fibroblasts. Cells were exposed in serum-free medium to mixed aldehydes (~180 µM total concentration), peroxynitrite (ONOO -) or to a combination of both as described in 'Materials and methods'. p/ml, Puffs/ml.
The smoke-bubbled PBS-induced c-fos expression can be mimicked by the combined exposure of 3T3 fibroblasts to aldehydes and peroxynitrite
Although previous studies had shown that peroxynitrite (ONOO -) may be a stress-inducing compound present in smoke-bubbled PBS (5), they could not explain the discrepancy between the calculated potential concentration of~15 µM peroxynitrite in the cellular system exposed to 0.045 puffs/ml smoke-bubbled PBS and concentrations of~500 µM required to provoke a detectable c-fos response when authentic peroxynitrite was used (5). Since peroxynitrite is characterized as a strong sulphhydryl-reactive compound (16, 32) , it can be assumed that, in order for it to interfere with functional redoxsensitive component(s) of a stress signal transduction pathway, peroxynitrite has to compromise the intracellular GSH content which is known to protect redox-sensitive components from oxidation (1) . Considering that the calculated initial peak concentration of peroxynitrite in aqueous extracts of CS is so low that the oxidation of significant amounts of intracellular GSH is improbable (5), we hypothesized that in smoke-bubbled PBS-treated cells compounds other than peroxynitrite, e.g. CSrelated aldehydes, are responsible for the decrease of GSH in these cells which would therefore allow minute amounts of peroxynitrite to interfere with redox-sensitive component(s) of stress-signalling pathways (5) .
Since, as demonstrated in Figure 4 , CS-related aldehydes in fact result in a significant loss of total intracellular GSH, we tested the aforementioned hypothesis by pre-exposing 3T3 cells to a combination of CS-related aldehydes followed by the addition of peroxynitrite. As shown in Figure 5 , as little as 20 µM peroxynitrite is sufficient to induce a detectable c-fos response after 2 h in cells pretreated with a mix of formaldehyde, acetaldehyde and acrolein at a total concentration of~180 µM, which is calculated to be contained in 0.045 puffs/ml smoke-bubbled PBS. In contrast, no significant c-fos signal was detectable when the cells were treated with the same concentrations of either the aldehyde mix or peroxynitrite alone.
According to these results, it is important to note that the hypothesis outlined above is substantiated by demonstrating that the presence of CS-related aldehydes is sufficient for peroxynitrite-all at concentrations calculated to be contained in smoke-bubbled PBS-to mimic the stress-specific c-fos response induced by smoke-bubbled PBS ( Figure 5 ). Thus, these results reveal a potential mechanism through which oxidants present in aqueous extracts of CS may act in concert in order to provoke a cellular stress-response.
In summary, our current investigations have shed light on the complex mechanism by which CS-related aldehydes, while significantly reducing the amount of total intracellular GSH, potentiate the cellular stress response most probably by facilitating the accessibility of critical component(s) of stress signal transduction pathways to oxidation.
